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invertebrates, which in turn may lead to a decrease in the availability of prey for 29 target fish species. Exploitation also reduces the abundance of the fish species 30 themselves. Modelling studies have shown that bottom trawling could lead to 31 both increases and decreases in fish production, but so far empirical evidence to 32 test these ideas has been very limited. We hypothesize that the effect of bottom 33 trawling on the food intake and condition of fish depends on how the ratio of 34 prey to consumers changes with increasing fishing pressure. 35 2. We assessed the impact of bottom trawling on the food availability, condition 36 and stomach contents of three flatfishes and Norway lobster in an area in the 37
Kattegat that is characterized by a steep commercial bottom-trawling gradient 38 due to the establishment of an area closed to all fisheries, but otherwise 39 homogeneous environmental conditions. 40 3. For plaice, prey biomass initially decreased slower with trawling than the 41 biomass of fish, and as a result the amount of food available per plaice increased 42 before decreasing at trawling frequencies >5 times y -1 . This pattern was 43 mirrored in both the condition and stomach contents of plaice, and for Long-44 rough dab. 45
Introduction 61
62
Demersal fisheries using otter and beam trawls are widespread, and typically use heavy 63 ground ropes and chains to drive fish and shellfish from the seabed into nets. Previous 64 studies have found that physical disturbance by bottom trawling causes reductions in 65 biomass, diversity and the body-size of benthic invertebrates (Hiddink et al. 2006 ; 66 Kaiser et al. 2006) . These effects differ according to the fishing gear used and the 67 habitat in which it is deployed (Kaiser et al. 2006) . The changes that arise from fishing 68 disturbance in benthic ecosystems are conservation issues in themselves, but there is 69 also ongoing concern that bottom fishing may impact the demersal fish species that 70 depend on these habitats for food (e.g. cod, haddock and flatfish (Auster & Langton 71 1999)). Consequently, trawling may cause changes in fish food intake, body condition 72 and therefore yield in chronically trawled areas (Fogarty 2005) . 73
74
Trawling may affect prey availability either negatively or positively depending on the 75 diet of fish and the intensity of trawling. The biomass of benthic invertebrates and that 76 of large benthic invertebrates in particular, decreases strongly with increasing trawling 77 in most habitats (Hiddink et al. 2006 ). This decrease is therefore likely to result in a 78 reduction in the amount of food available to many benthivorous fish species. However, 79 modelling studies suggest that the removal of competition from large benthic fauna at 80 low levels of bottom trawling may benefit small benthic invertebrates that are a 81 preferred source of food source for some fish species (Hiddink, Rijnsdorp & Piet 2008; 82 van Denderen, van Kooten & Rijnsdorp 2013). Very high intensities of trawling 83 ultimately may also remove the smaller prey species (Hinz, Prieto & Kaiser 2009) . 84 Model outputs concluded that the effect of trawling on fish populations was dependent 85 on the vulnerability of prey to trawling, the strength of competition among prey and 86 non-prey organisms, and the extent to which the system was characterized by bottom-87 up or top-down control (van Denderen, van Kooten & Rijnsdorp 2013). Fishing resulted 88 in higher yields and increased persistence when the preferred benthic prey species were 89 more resistant to trawling than less preferred prey. These positive effects occurred in 90 bottom-up controlled scenarios where fish feeding had only limited impact on benthic 91 biomass. By contrast, fishing led to lower yields in all scenarios (top-down and bottom-92 up controlled systems) when high-quality prey were negatively affected by trawling. 93 94 observed declines in the length-at-age of plaice with increasing trawling over gravel 129 but not over sand. 130
131
Here we assessed the effect of bottom trawling on the food availability of fish by 132 simultaneously measuring the abundance of prey, the food intake by fish, the resulting 133 condition of fish and the abundance of fish in an area that had a steep gradient of 134 commercial bottom trawling due to the presence of a permanently closed area, across 135 an otherwise homogeneous environment in the Kattegat. This is one of the first studies 136 that has measured all these parameters simultaneously (see Link et al. 2005) , and is 137 therefore able to explore how both changes in prey availability and fish abundance with 138 trawling interact to cause changes in fish food intake and condition. Similar previous 139 work often has not been able to detect the potential increases in prey abundance at low 140 levels of trawling because too few areas with low trawling were available for sampling. 141
The selected study area allowed us to overcome this limitation by sampling within and 142 outside areas where trawling has been restricted while controlling for potential 143 confounding variables. 144
145
The main objective of this study was to disentangle the effects of changes in prey 146 availability that arise from trawling from the direct effects of trawling and from changes 147 in competition over food sources that can be caused by concomitant changes in the fish 148 population. Bottom trawling is likely to result in local and population level reductions 149 in benthic prey availability, and population level reductions of fish. Because fish are 150 mobile, the local removal of fish by trawling does not necessarily result in longer term 151 reduction in abundance at a local scale because fish are mobile. We hypothesize that 152 food intake and the resulting condition of benthivorous fish relates positively to the 153 biomass of their prey and negatively to the biomass of competitors of benthivorous 154 species (i.e. growth is density-dependent). As prey biomass is expected to decrease with 155 increasing bottom trawling, but consumer biomass may show a variety of responses, 156 the effect on the food availability per fish will depend on which the ratio of those 157 variables. Fish condition could therefore either increase or decrease with increasing 158 trawling intensity. 
Fish condition 249
The condition of individual fish was estimated as the weight-at-length of the fish. In 250 the rest of this paper we will use 'condition' as a synonym of 'weight-at-length'. We 251 used total fish weight for this condition proxy rather than eviscerated weight as higher 252 numbers of fish could be processed that way. Using total weight implies that differences 253 in gonad and stomach content weight between stations may have increased the variation 254 in the condition. The 5% shortest and longest fish per species were excluded from all 255 analyses to avoid biases that could be caused by particularly large or small fish. Only 256 stations where more than 10 fish were caught were used for condition estimates to avoid 257 biased condition estimates due to low numbers of fish; 2 stations were excluded for 258 plaice. Because we were interested in understanding whether bottom trawling can result in 277 decreases, increases or humped responses in prey availabilities, stomach contents and 278 fish condition, we analysed most data using Generalized Additive Models (GAM) as 279 these allow any shape of relationship to be fitted. To account for the non-independence 280 of fish condition measurements within a station (because many individual fish were 281 measured within a station), the effect of trawling or benthic production on the 282 log10(weight) at log10(length) of fish was estimated using GAMM from the package were less muddy than the other stations in combination with a high trawling intensity 295 (see Table S1 in Supporting Information, Figure 3 ). To avoid confounding of sediment 296 composition with trawling intensity these stations were excluded from further analyses. 297
The trawling intensity on the remaining stations ranged from 0.2 to 7.9 y -1 . Some 298 bottom trawling was recorded even in areas that were closed to all trawling. 299 300
Infauna 301
The community of infaunal invertebrates was dominated by brittlestars of the genus 302 Amphiura (Forbes, 1843) in terms of abundance and by the ocean quahog Arctica 303 islandica L. and heart urchins Spatangoida in terms of biomass. Together these three 304 species comprised 92% of all invertebrate biomass. Mean total community biomass was 305 not significantly related to trawling intensity ( Figure 4a, Table 1a ), but trawl intensity 306 limited the total biomass that could be found at a station (90% quantile regression, P = 307 0.029). This pattern can be explained by the influence of the presence of low-density 308 but high-biomass species such as Arctica and heart urchins. Arctica is long-lived with 309 sporadic recruitment and particularly vulnerable to trawling activities (Witbaard & 310 Bergman 2003) . Heart urchins are a large but common species, however, their low 311 density as adults in comparison to other macrofauna, means that that they may not be 312 present in 5 x 0.1m 2 grabs even when they were present at station. As a result, both high 313 and lower total biomasses may be encountered even in low trawling intensity stations 314 while at high trawling stations high biomass were not found. Removing these two 315 species considerably weakened the effect of trawling on overall benthic biomass (90% 316 quantile regression, P = 0.26). 317
318
The results of the stomach-contents analysis were used to identify the local prey size-319 spectrum and calculate from this prey availability for different predator species at 320 different levels of trawling intensities. A comparison of the weight distribution of the 321 infauna and the stomach contents indicated that plaice and dab preferentially selected 322 small infauna as prey ( Figure S1 ); 97.5% of plaice prey was <0.20g, while 97.5% of 323 dab prey was <0.63g and these thresholds were therefore used to define the prey 324 spectrum of these two predators (further stomach contents description are given in the 325 'Stomach contents' section). When only the size classes that form the food for plaice 326 and dab were considered, Amphiura was dominant; 76% of community biomass in the 327 grabs <0.20 g (plaice prey) consisted of Amphiura and 84% of community biomass 328 <0.63g (dab prey) consisted of Amphiura. Other species in the prey size classes were 329 mostly polychaetes and bivalves. The biomass of the infauna preyed upon by plaice 330 declined slowly at low trawling frequencies, but faster at trawling frequencies above 5 331 y -1 (Figure 4b , Table 1a ). There was no significant relationship between dab prey 332 biomass and trawling intensity (Figure 4c, Table 1a ). For Long-rough dab and 333
Nephrops, prey availability could not be calculated as no stomach samples were taken 334 for these two species. 335 336
Fish and Nephrops biomass 337
Most fish that were caught were c. 20 cm in length, while Nephrops was large and had 338 a carapace length of c. 5 cm (Table S2 ). Dab and Nephrops biomass was about five 339 times higher than those of plaice and Long-rough dab ( Figure 5 ). There was a sharp 340 decline in the biomass of dab and Nephrops as trawling intensity increased, but this 341 decline levelled off at a trawling intensity of 5 y -1 ( Figure 5 , Table 1b ). The biomass of 342 plaice and Long-rough dab did not change with trawling intensity ( Figure 5 , Table 1b) . 343
These four species comprised 89% of the catch biomass in the study area. 344
345

Fish condition 346
Weigh-at-length peaked at a trawling intensity of c. 5 times y -1 for both plaice and Long-347 rough dab ( Figure 6, Table 1c ). Weight-at-length for dab did not respond to trawling, 348
while Nephrops weight-at-length increased with increasing fishing intensity ( Figure 6 , 349 Table 1c species, including plaice, was considered a better proxy for the abundance of 359 competitors than the abundance of plaice alone. The 'plaice-prey to consumer-biomass 360 ratio' peaked at intermediate trawling intensities and showed a similar pattern to the 361 weight-at-length for plaice. The 'dab-prey to consumer-biomass ratio' increased and 362 also showed a similar pattern to (the non-significant) weight-at-length for dab. These 363 comparable patterns therefore suggest that the ratio of prey-availability to competitor-364 biomass affects the food intake by these fish and their resulting condition. 365
366
Stomach contents 367
Overall, dab stomachs were much fuller than plaice stomachs. The most common prey 368 item in the stomach of both species was the brittlestar Amphiura spp., but the rest of the 369 diet was comprised of mainly polychaetes and bivalves for plaice and crustaceans for 370 dab ( Figure S2 ). Even though Amphiura has a low energy density (Table S3) The results from this study support our hypothesis that food intake and the resulting 379 condition of some benthivorous fish is affected by both competitor abundance and prey 380 availability and relates positively to the biomass of their prey and negatively to the 381 biomass of competitors. The effects of trawling on fish condition were modest (around 382 a 4% increase across the trawling gradient for plaice, Long-rough dab and Nephrops 383 relative to an untrawled situation). For plaice, prey biomass initially decreased more 384 slowly than the biomass of consumers, and as a result the amount of food available per 385 individual plaice increased initially before decreasing at higher trawling frequencies. 386
This pattern was mirrored in both the condition and stomach contents of plaice, which 387 both peaked at intermediate levels of trawling intensity. No significant effect of 388 trawling on abundance of the preferred prey of dab was detected, and as fish biomass 389 decline the prey/consumer ratio increased moderately for dab. Although not significant, 390 again this pattern was mirrored in both the condition and stomach contents of dab, 391 which both showed increases with increasing trawl intensity. No diet information was 392 available for Long-rough dab, but body condition changed with trawling intensity in a 393 similar way to plaice, which suggests that these two species may rely on a similar diet. 394
Nephrops condition increased linearly with increasing trawling, suggesting that their 395 food resources were not strongly affected by trawling, and that a release from 396 competition was the overriding factor driving the increase in body condition for 397
Nephrops. In addition, scavenging on animals that were damaged by trawling 398 (Bergmann et al. 2002) may provide more of a food source at higher fishing intensities. 399
Together these results support the idea that when the abundance of both the prey and 400 the target predator are affected by exploitation, it is important to know how the ratio of 401 these changes as this will determine whether exploitation will result in an increase or a 402 decrease of the food intake, condition and growth rates of the target species. Our results 403
show that the assumption of Van Denderen et al. (2013) that prey abundance will 404 increase with trawling was not supported, but our results do confirm that it is important 405 to take into account the top-down effects of fish predation on benthic prey when trying 406 to assess the effect of bottom trawling on fish productivity. 407
408
Foraging in areas where prey abundance is low is more energetically costly than 409 foraging in areas where prey is more abundant due to the increased search time (Croy 410 & Hughes 1991) . If this increase in energy expenditure at low prey abundance is 411 substantial, it could be expected that the effect of trawling on fish condition is stronger 412 than the effect on stomach contents; fish may still fill their stomach at low prey 413 abundance but need to expend more energy to do so. However, such a stronger effect 414 of trawling on condition than on stomach contents was not evident from our results. 415
416
The results for plaice are different from the outcomes of a similar study in the Irish Sea, 417 which found that trawling had a monotone negative effect on the condition of plaice 418 (Hiddink et al. 2011) , explained by dietary shifts in plaice towards energy-poor prey 419 together with a potential decrease in foraging efficiency due to low prey densities 420 (Johnson et al. 2015) . However, the pattern in the condition of plaice seen in the Irish 421 Sea (Hiddink et al. 2011 ) does follow the prey/predator ratio; both prey and fish 422 abundance show a logarithmic decline with trawling but fish abundance declined more 423 slowly and therefore the prey/predator ratio declined. Therefore, although a different 424 response of plaice condition to trawling was recorded in this previous study, the 425 mechanisms explaining the response are the same. This indicates that the response of 426 fish food intake to bottom trawling may vary from one location to another according 427 the conditions, and abundance of competitors. 428 429 An important assumption was that consumers compete for food and that growth was 430 density-dependent. In a laboratory study the weight of a standard-length plaice of 431 247mm (Figure 6a ) decreased from 157g after unlimited feeding to 143g after a month 432 of starvation (Fonds et al. 1992 ). The best-condition plaice in our study had a similar 433 weight to the well-fed laboratory fish, while the worst condition plaice in the Kattegat 434 had a condition similar to starved fish (Figure 6 ). This suggests that the variation in 435 plaice condition in the Kattegat indeed represents substantial differences in food 436 availability. Another important assumption was that the different consumers at least 437 partly share the same prey. Given the dominance of Amphiura in the environment, and 438 in the stomachs of plaice and dab, this does not seem an unreasonable assumption. 439
Nephrops was the most abundant species in the catch, and is likely to be undersampled 440 because we fished during daylight hours when these animals tend to hide in their 441 burrows. Because of the 80 mm mesh of the trawl, only 5% of Nephrops numbers were 442 below the minimum landing size of 40 mm carapace length (Table S2) . Contrary to the sessile Nephrops, the 452 mobility of the fish in the study area is poorly known, and therefore, we cannot be sure 453 that individuals captured at different stations had been feeding at that station in the time 454 that they built up their condition (weeks) before sampling. This, however, does not 455 affect the conclusions that trawling had an effect on the condition of three of the species, 456 as mobility would break up any spatial pattern in condition; therefore, these analyses 457 are likely to underestimate any effect of trawling on condition. This is confirmed by 458 comparing the magnitude of the effect of trawling on condition with the effect on 459 stomachs contents; the effect on condition was much smaller than the effect on the 460 stomachs. As the stomach contents reflect the food intake in the previous 24h and the 461 condition the previous weeks, this confirms that fish mobility weakens the observed 462 effects. 463
A problem of using weight-at-length as an indicator of food intake is that as food intake 465 increases, both length and weight may increase which means that a higher food intake 466
will not be reflected in a straightforward increase in length-at-weight ( intense bottom trawling appears to reduce the capacity of the Kattegat ecosystem to 484 underpin the production of plaice and long-rough dab. In the Kattegat, no specific 485 management for plaice and long-rough dab may be needed as both species are relatively 486 low in abundance and long-rough dab is often discarded, especially as reducing trawling 487 intensity may come at the expense of reducing production of the economically more 488 important Nephrops. In areas where plaice is an important commercial species, the 489 production of plaice may be maximized by avoiding trawling at high intensities, and 490 keeping effort below the level at which plaice condition is starting to decline. This 491 threshold was around 3-5 trawl passes y -1 in the Kattegat, but is fishing gear and system 492 specific and is likely to change according to local factors such as substratum type and 493 primary production. The effects of bottom trawls may be mitigated by switching to 494 gears that affect prey availability to a lesser extent, such as gill nets, long-lines or pots Table S1 . Site characteristics. 506 Table S2 . Size of the fish. 507 Table S3 . Energy density of prey. 508 Table S3 . Number of stomachs analysed. 509 Figure S1 . Prey weight distribution. 510 Figure S2 
